Abstract In this study, we compare long-term simulations performed by the Versatile Electron Radiation Belt (VERB) code with observations from the Magnetic Electron Ion Spectrometer and Relativistic Electron-Proton Telescope instruments on the Van Allen Probes satellites. The model takes into account radial, energy, pitch angle and mixed diffusion, losses into the atmosphere, and magnetopause shadowing. We consider the energetic (>100 keV), relativistic (~0.5-1 MeV), and ultrarelativistic (>2 MeV) electrons. One year of relativistic electron measurements (μ = 700 MeV/G) from 1 October 2012 to 1 October 2013 are well reproduced by the simulation during varying levels of geomagnetic activity. However, for ultrarelativistic energies (μ = 3500 MeV/G), the VERB code simulation overestimates electron fluxes and phase space density. These results indicate that an additional loss mechanism is operational and efficient for these high energies. The most likely mechanism for explaining the observed loss at ultrarelativistic energies is scattering by the electromagnetic ion cyclotron waves.
Introduction
Trapped relativistic electrons in the radiation belts exhibit a two-zone structure separated by a gap, referred to as the slot region [Van Allen and Frank, 1959; Vernov et al., 1969; Russell and Thorne, 1970] . The inner belt (below 2.0 Earth radii) is stable, while the outer belt (above 3.0 Earth radii) can be very dynamic [Rothwell and McIlwain, 1960] and is strongly driven by geomagnetic activity. The dynamic evolution of the radiation belts is a result of competition between various acceleration and loss processes [Reeves et al., 2003; Shprits et al., 2008a Shprits et al., , 2008b Millan and Baker, 2012; Turner et al., 2014] .
Consideration of phase space density (PSD) in terms of adiabatic invariant coordinates enables the differentiation between adiabatic and nonadiabatic processes [Green and Kivelson, 2001; Shprits et al., 2008a] . Quasi-linear theory is a common approach for modeling the electron PSD dynamics [Kennel and Engelmann, 1966; Schulz and Lanzerotti, 1974] . The diffusion equation describing the variation of PSD in time can be derived assuming that the collisionless charged particles in the ambient magnetic field undergo resonant interactions with relatively small-amplitude incoherent electromagnetic waves. The radiation belt dynamics have been modeled as simple radial diffusion with loss [Brautigam and Albert, 2000; Shprits et al., 2005; Tu et al., 2009] . However, local processes are also important and in some cases can be modeled using pitch angle diffusion only, for example, in the case of studying scattering of the electrons by hiss waves inside the plasmasphere [Shprits et al., 2006b; Thorne et al., 2013a] , or a combination of energy and pitch angle diffusions using various types of waves [Shprits et al., 2006a; Thorne et al., 2013b] . The comprehensive picture of the competition between acceleration and loss processes caused by radial, energy, and pitch angle diffusion can be studied using a numerical solution of the three-dimensional Fokker-Planck equation [Albert et al., 2009; Subbotin and Shprits, 2009; Su et al., 2011; Reeves et al., 2012; Tu et al., 2013; Glauert et al., 2014] . In this study, we model the long-term variation of PSD using the 3-D Versatile Electron Radiation Belt (VERB) code [Shprits et al., 2008a [Shprits et al., , 2009a Subbotin and Shprits, 2009; Kim et al., 2011a; Kim et al., 2012; Subbotin et al., 2011a Subbotin et al., , 2011b , which incorporates a recently updated diffusion model for hiss, based on parameterizations of Orlova et al. [2014] . If the model has an unrealistic balance between loss and source processes, long-term simulations will either result in the disappearance of the belts or the formation of unrealistically high electron fluxes. Long-term simulations also allow us to test whether this balance between losses and source processes results in realistic dynamics of the electrons, a test that cannot be done using a single storm but requires long-term simulations. An even more challenging task, which is addressed in this study, is to reproduce the difference in behavior of particles at different energies. The physics-based VERB code allows for the inclusion of different combinations of diffusion coefficients into the model. Long-term simulations can then be performed to simulate the relative contribution of the various source and loss processes at different energies.
Recent reports of long-term simulations using VERB (or similar codes) [Subbotin et al., 2011a; Kim et al., 2012; Kim and Shprits, 2013] have shown reasonably good agreement with Combined Release and Radiation Effects Satellite (CRRES) observations at approximately MeV energies. Shprits et al. [2013] considered the September-October period in 2012, during which the three-zone structure was first observed by Van Allen Probes [Baker et al., 2013a] , and showed that at ultrarelativistic energies, energization and loss processes may be very different from MeV energies. They showed that electromagnetic ion cyclotron (EMIC) waves may play an important role in scattering ultrarelativistic electrons, while acceleration by chorus and scattering by hiss may occur significantly slower at these energies. Most recently, Thorne et al. [2013b] and Reeves et al. [2013] have shown that during some storms, when convective activity is continually enhanced for several days, chorus waves may result in a significant acceleration of not only relativistic but also ultrarelativistic electrons, which is consistent with the observed peaks in phase-space density.
In this study, a long-term simulation with the VERB code (1 year starting near the beginning of the Van Allen Probes mission) is compared with in situ measurements from the Van Allen Probes Magnetic Electron Ion Spectrometer (MagEIS) and Relativistic Electron-Proton Telescope (REPT) instruments. We show that consideration of the ultrarelativistic electrons requires additional understanding of the physical processes that drive the dynamics of the radiation belts.
Satellite Observations

CRRES
The Combined Release and Radiation Effects Satellite was launched on 20 July 1990 and was in operation until 11 October 1991. The energies, measured by The Medium Electron A (MEA) instrument [Vampola et al., 1992] installed on CRRES, are logarithmically distributed from 0.15 to 1.58 MeV, with 17 energy channels in total. We used the 1 MeV electron measurements to explore the dynamics of the relativistic electrons and to validate our simulation with the latest version of the code that includes losses to the magnetopause and a new parameterization of hiss waves.
Van Allen Probes
The Van Allen Probes [Mauk et al., 2013; Stratton et al., 2014] were launched in 2012 to study the dynamical evolution of the radiation belts. The two Van Allen Probes spacecraft are equipped with an identical array of instruments suited for the monitoring of radiation belt particles and wave environment. The unprecedented energy and pitch angle resolution of the instruments provide a more comprehensive picture of the radiation belts than previously available from other spacecraft missions. Particles with energies ranging from hot to ultrarelativistic are measured using the Radiation Belt Storm Probes-Energetic particle, Composition, and Thermal plasma (RBSP-ECT) suite [Spence et al., 2013] . In the current work, we used data from the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013] , which provides measurements of electrons in the energy range from~30 keV to about 4 MeV, and Relativistic Electron-Proton Telescope (REPT) instrument [Baker et al., 2013b] , which covers a range of energies from 2 MeV to tens of MeV.
Based on pitch angle-resolved flux measurements, PSDs were calculated for a wide range of L shells from~1 to 5.5. The L shell parameter [Roederer, 1970] and K invariant (geometric interpretation of the second invariant [Schulz and Lanzerotti, 1974] ) were calculated based on the Tsyganenko 89 (T89) field model [Tsyganenko, 1989] . The pitch angle distribution was interpolated on a uniform grid with a step of 5°. The data from both satellites RBSP-A and RBSB-B were used. In the points where observations from both satellites are available, the measurements were averaged.
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During the period of operation of the Van Allen Probes mission, the energy channels and gain definitions for the MagEIS instrument were adjusted (S. Claudepierre, personal communication, 2014) . Estimation of the fluxes at fixed energy was determined by interpolation of the gridded data.
VERB Code
The radiation belts' dynamics and evolution can be modeled as the phase-averaged diffusion of electron PSD in terms of three adiabatic invariants (I), which is described by the Fokker-Planck equation [Schulz and Lanzerotti, 1974] :
where f is the PSD, D Ii Ij are the diffusion coefficients, and the i and j are the summation indices.
The equation can be written in terms of the L shell, momentum p, and equatorial pitch angle of electrons α [Shprits et al., 2008a; Subbotin and Shprits, 2009] :
where μ and J are the first and second adiabatic invariants, respectively, and L * is an adiabatic invariant (L shell based on a dipole magnetic field model), which is inversely proportional to the third adiabatic invariant Φ and is constant along the particle's drift path. D αα and D pp are the bounce-averaged pitch angle and momentum diffusion coefficients, respectively; D αp are the mixed diffusion terms; T(α) is a function related to the particle's bounce time; and D L Ã L Ã is the radial diffusion coefficient. The term f / τ lc represents electron losses. Parameter τ lc is a loss rate which is equal to a quarter bounce period inside of the loss cone and infinity outside of the loss cone. In this study, we neglect the potentially important cross L pitch angle diffusion [O'Brien, 2014] .
Wave-particle interactions may violate all three adiabatic invariants and can result in the radial transport, local acceleration, and loss of electrons. The numerical simulation takes into account radial diffusion caused by ultralow frequency waves, as well as pitch angle, energy, and mixed diffusion caused by whistler waves. The Kp-dependent radial diffusion coefficient is adopted from Brautigam and Albert [2000] . The parameters for the chorus, VLF, and lightning waves are taken from Subbotin et al. [2011a] . For the hiss waves, we used realistic parameters from Orlova et al. [2014] with the frequency range of 100-2000 Hz and a peak power at 550 Hz. Using data from the CRRES wave experiment, Orlova et al. [2014] developed quadratic fits to hiss amplitude as a function of L shell, Kp, and latitude for the dayside and nightside. It was considered that hiss waves become more oblique as they propagate along the field line following Agapitov and Artemyev [2013] and Thorne et al. [2013a] . The frequency spectrum of hiss waves was assumed to be Gaussian with the same parameters as in previous studies [Shprits et al., 2009a; Thorne et al., 2013a] . The latitudinal-dependent model of plasmaspheric density was taken from Denton et al. [2004 Denton et al. [ , 2006 . The diffusion coefficients related to lightning whistlers, hiss, and chorus waves were averaged over magnetic local time (MLT) and scaled using the Kp index. We assume that above the plasmapause, which is calculated following Carpenter and Anderson [1992] , scattering is dominated by the chorus waves, while inside the plasmasphere, scattering is provided by hiss waves. The amplitudes of both types of whistler mode waves are parameterized by the Kp index.
The computational grid has 101 × 91 × 46 points for energy, pitch angle, and radial diffusion, respectively. Energy and pitch angle grid points are distributed logarithmically. The initial conditions are calculated as the steady state solution for the radial diffusion equation. The solution of equation (2) boundary conditions: an upper and lower value of the electron PSD for each of the variables. The lower boundary for energy diffusion varies with the radial distance. At L * = 5.5, the lower boundary is set at 10 keV. Energy at which lower boundary conditions on the energy diffusion operator are set up is increasing with decrease of the radial distance according to adiabatic transport from L * = 5.5 to the point of interest. The upper energy boundary (10 MeV) can be set to zero, because the flux at this energy is very low. However, we found that the simulation maintains a very low value of PSD at the upper boundary and is more stable when we set up the derivative with respect to energy to zero, instead of setting up the value of PSD to zero at this boundary. The PSD derivatives for both pitch angle boundaries are set to zero to allow for simulation of strong and weak diffusions at 0° [Shprits et al., 2009b] and flat distribution at 90° [Horne et al., 2003] . PSD at the lower radial boundary (L * = 1) is set to zero and represents losses into the atmosphere.
Previous studies have set up the outer boundary conditions at L * = 7 [Shprits et al., 2009a] , at L * = 6 [Tu et al., 2009] , and at L * = 5.5 [Kim et al., 2011b] and showed that the simulations with the outer boundary closer to the Earth can better reproduce fluxes in the heart of the radiation belts. The improved accuracy of simulations is likely due to the fact that at L * = 5.5, the outer boundary can better account for the source of the lower energy seed population. The PSD required for the upper radial boundary (L * = 5.5) condition is computed using the long-time averaged shape of PSD spectrum measured at geosynchronous orbit following Subbotin et al. [2011a] . The average PSD as a function of energy is transferred from geosynchronous to L * = 5.5 as a steady state solution of the radial diffusion equation. The satellite observations at L * = 5.5 are used to obtain the variation of the PSD in time for the selected energy. The ratio of the averaged and measured PSD at the same energy is a scaling factor that defines the energy-independent variation of the upper radial boundary.
We use the T89 magnetic field model to calculate the dependence of the magnetopause location on Kp and pitch angle. The PSD outside the magnetopause location is set to zero. A more accurate treatment of loss requires an energy-dependent loss mechanism, because the magnetopause shadowing effect is also dependent on drift period and will be accounted in future studies.
Comparison Between Simulation and Observations
CRRES Relativistic Electron Flux
To ensure that the latest changes in the code do not entail deterioration of the simulation result, we configure the test simulation based on CRRES data observations for the same period and simulation conditions used in previous studies [Subbotin et al., 2011a; Kim et al., 2012] . The 1 MeV flux variation for the period from 29 July 1990 to 6 November 1990 was used to establish the upper radial boundary condition. The simulation begins near the 29 July 1990 storm. Although there was not enough data to fully represent the upper boundary radial conditions for this storm period, the VERB code reproduces electron acceleration close to L * = 3. As shown by Subbotin et al. [2011a] , this is the result of radial and energy diffusions. During the next two close storms at the end of August 1990, the model shows electron acceleration, which is in relatively good agreement with the measurements. On 26 August 1990, CRRES observed an electron depletion above L * = 4.5, which is likely a result of the loss to the magnetopause and the outward radial diffusion. The loss to the magnetopause is influenced by the adiabatic effects that cannot be currently modeled by the VERB code [e.g., Kim et al., 2011a] . The model shows a similar depletion at L * > 4.9. The difference between real magnetic field variation and the field modeled by Tsyganenko 89 (which was used to calculate L * for the observations) may be responsible for this minor distinction between the data and simulation. The 10 October 1990 storm begins with a dropout in electron fluxes. During the recovery phase, the fluxes were restored and the electrons accelerated, followed by an injection of electrons several days after the storm. In general, the VERB test simulation reproduces well the general dynamics of the radiation belts as observed by CRRES. The quantitative difference between measurement and simulation in the heart of the radiation belts mainly lies within 1 order of magnitude (Figure 1c ). However, MEA observations are limited in energy and only available during 1990 and 1991.
Relativistic Electrons From Van Allen Probes
The RBSP-ECT suite of instruments on the Van Allen Probes covers a very large range of particle energies. Both CRRES and Van Allen Probes cover the period around the maximum phase of the solar cycle; however, the general dynamics of the cycles are very different. We performed a long-term simulation from 1 October 2012 to 1 October 2013 based on Van Allen Probes observations. The 0.9 MeV flux channel of the MagEIS instrument and 3.6 MeV flux channel of the REPT instrument were used to provide the dynamics of the outer boundary following the method used by Brautigam and Albert [2000] for two independent simulations. Figure 2 shows the comparison between the MagEIS observations and 1 year of modeling using the boundary conditions inferred from MagEIS observations at L * = 5.5. Relativistic electron flux is shown at fixed energy of 0.9 MeV and for local pitch angle of 85° (Figures 2a and 2b) . PSD is shown at fixed first and second invariants μ = 700 MeV/G, K = 0.11 R E 0.5 G (Figures 2c and 2d) , together with the variation of the Kp and Dst indices (Figure 2e ).
Here we discuss the comparison of the observed and modeled dynamics of the radiation belts, chronologically. A double peak storm occurred on 9 and 13 October 2012. The simulation reproduces the electron flux acceleration and PSD radial diffusion transport during this period. During the 1 and 14 November 2012 storms, the observed and modeled fluxes and PSDs show the depletion in the outer electron belt. The long period of relatively quiet geomagnetic activity up to 1 March 2013 contains several injections and decays that are qualitatively reproduced by the VERB code. The observed trend of sudden flux enhancement on 1 March 2013 followed by the 17 March 2013 storm is also seen in the VERB code simulation. The model shows the dropout during the main phase of the 17 March 2013 storm and acceleration with additional injections during the recovery phase that is seen in the observed PSD and 
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flux. Over approximately the next 6 months, the geomagnetic activity was mostly moderate, including several minor storms, and the outer radiation belt filled with relativistic electrons. The simulation drives several depletions and enhancements of electrons. This behavior is also seen in the observations. The storms observed on 1 and 28 June are similar to the 17 March 2013 event, beginning with a rapid dropout followed by acceleration in the recovery phase, and are reproduced by the VERB code.
The long-term simulation of global relativistic electron dynamics shows that the processes included in the VERB code provide a reasonable agreement between the simulation and the satellite measurements. The possible reasons for the quantitative difference between the data and model could be the uncertainty of the plasmapause location and plasma density model as well as chorus wave parameters, as discussed earlier. It should be noted that the particular events require detailed analysis since the global modeling is based on statistical studies of the plasma and wave parameters. Parameters such as plasma density or population of seed electrons may play a significant role for the dynamics of relativistic electrons [Thorne et al., 2013b; Tu et al., 2014; Boyd et al., 2014] . Figure 3 shows the ultrarelativistic electron flux and PSD profiles from the simulation with boundary conditions from REPT data at L * = 5.5 for the same time period as in Figure 2 and comparison with satellite observations from the REPT instrument. We use fluxes at an electron energy of 3.6 MeV, a local pitch angle of 85°, and PSD 
Ultrarelativistic Electrons Observed on Van Allen Probes
Discussion of Possible Loss Mechanisms
A recent study by Thorne et al. [2013a] performed simple 1-D pitch angle scattering simulations and concluded that scattering by hiss waves was sufficient to explain the decays of ultrarelativistic electrons in the radiation belts inside the plasmasphere. To better understand if hiss waves can produce a sufficient decay of fluxes, we performed simulations based upon the truncated forms of equation (2). In order to exclude the effects of radial diffusion, we numerically solved equation (3): 
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To analyze the contribution of pitch angle scattering alone, we performed the simulation based on equation (4):
The calculations were made for a period of 30 days during the moderate geomagnetic conditions after the 13 October 2012 storm, from 21 October 2012 to 21 November 2012. The initial conditions were the same for each simulation period of 30 days and were based on REPT observations. Figure 4 shows the 30 day period of the 3.6 MeV flux observation (Figure 4a ) in comparison with the simulation based on equation (2) (Figure 4b ), including all diffusion processes. The line plots in Figure 4c illustrate the simulations based on equations (2)- (4) and observation of the electron flux at fixed L * = 4.0.
The different colored lines (red, green, and blue) represent fluxes based on the above described simulations. It can be clearly seen at the end of the period considered that all three simulations overestimate the measurements from the REPT instrument (black line in Figure 4c ). It means that none of the processes can explain the rapid decreasing of the ultrarelativistic electron observations.
As expected, the simulation based on equation (4) generally shows a lower level of fluxes as it excludes any processes that can transport electrons into the heart of the radiation belts or accelerate electrons from the lower energies. However, even simulations with only pitch angle diffusion are insufficient to explain the observed loss of electrons. This contrasts with the favorable comparison between the observed and modeled PSDs on 19 September 2012 using the initial conditions from 7 September 2012 by Thorne et al. [2013a] , which is most likely a result of competing source and loss processes that may be operating at that time or may be simply a result of the short time period considered in that study.
The differences between the simulations are no larger than a factor of~2 at the end of the simulation. In contrast, the observed flux is significantly less. This suggests that modeled loss rates are not high enough to reproduce the observed values. To investigate the possible causes for the disagreement in ultrarelativistic energies, we conducted a detailed analysis of the modeled and observed flux variations for different electron energies. The difference between VERB code-simulated (τ VERB ) and data-observed (τ Data ) decay rates is moderate and no larger than by factor of~2. For the energy 0.1 MeV, the ratio τ VERB /τ Data ≃ 0.5 (τ VERB = 2.1 days, τ Data = 4.0 days). For energy 0.3 MeV, τ VERB /τ Data ≃ 0.5 (τ VERB = 2.0 days, τ Data = 4.3 days).
Comparison of the fluxes along the wide range of L * (Figures 5a, 5b , 5e, and 5f) shows a small discrepancy between simulations and measurements. The overestimated measurements around L * = 3-4 for the period from 15 to 31 October are likely due to contamination by X-rays produced by the multi-MeV electrons (S. Claudepierre, personal communication 2014). The observation of the multi-MeV electrons in Figure 7e shows the remnant belt located in the same area as the slight contamination in Figure 5a and 5e, for this same period. Discrepancies between the model and observations are also likely to be due to the neglect of convection in the code that provides a significant acceleration mechanism at these energies. The difference at the lower L shells below L * = 3 may be also due to the inapplicability of Brautigam and Albert's [2000] diffusion coefficients at these energies and L shells. In addition, the discrepancies at the outer boundary may be due to the simplified method that uses only a variation of fluxes at 0.9 MeV following Brautigam and Albert [2000] . However, the modeled steady state decay rates appear to be rather similar to the observed decay rates (Figures 5c and 5g ).
Figure 6 is similar to Figure 5 , but it presents the relativistic electron fluxes for energies 0.5 MeV (Figures 6a-6d ) and 0.9 MeV (Figures 6e-6h ). The simulation flux value reached the observed enhancement during the 12 October 2013 storm and followed the observed dynamics of the relativistic electron belt variation. Accurate simulations of the observed acceleration events in November likely require empirical data of the plasmapause location and plasma density. However, the decay rates are estimated for the period from 17 to 30 October and are reproduced rather well. For the energy 0.5 MeV, the ratio is τ VERB /τ Data ≃ 0.8 (τ VERB = 2.8 days, τ Data = 3.6 days). For the energy 0.9 MeV, τ VERB /τ Data ≃ 1.6 (τ VERB = 6.1 days, τ Data = 3.8 days). The difference between simulated and observed decay rates is smaller than a factor of~2. Figure 7 shows the comparison for the electron fluxes at energies 2.0 MeV (Figures 7a-7d ) and 3.6 MeV (Figures 7e-7h) . The observed and simulated line plots in Figures 7c and 7g show a significant difference in electron lifetimes. For 2.0 MeV, the electron model underestimates the decay rates, and the ratio is τ VERB /τ Data ≃ 2.9 (τ VERB = 16.9 days, τ Data = 5.9 days). The discrepancy between the model and observations is even higher at energy of 3.6 MeV. The ratio is τ VERB /τ Data ≃ 10.3 (τ VERB = 96.5 days, τ Data = 9.4 days). These results clearly show that at ultrarelativistic energies, the model that includes only hiss scattering is not capable of reproducing observed decay rates.
The current wave model was applied for all energies in the long-period simulations. The simulations provide good agreement with energetic and relativistic electron dynamics. However, the significant discrepancy for the ultrarelativistic electrons indicates that other loss processes may be acting on this population.
Summary and Discussion
In this study, we used the VERB code to model the dynamics of the outer electron radiation belt during a long period of time, which included various levels of geomagnetic activity. We tested our model, which included an improved parameterization of the plasmaspheric hiss, as follows: first, we compared the model with the relativistic electron flux variation observed by CRRES. The updated model showed an agreement with previous studies. To obtain a comprehensive picture of the radiation belt dynamics, we performed simulations using the VERB code based on 1 year of Van Allen Probes measurements. This comparison also showed a relatively good qualitative agreement between the simulated and observed relativistic electron fluxes and PSD (~1 MeV, μ = 700 MeV/G). A comparison of the decay rates produced in the simulations and the observations showed relatively good agreement for an even broader range of energies, including energetic (>0.1 MeV) and relativistic (~1 MeV, μ = 700 MeV/G) electrons. However, the simulated PSD for higher μ = 3500 MeV/G and fluxes for the ultrarelativistic energies were significantly different to those observed. Detailed analysis of the decay rates for different energies showed that the observed ultrarelativistic energy fluxes were lost on shorter time scales than predicted by the model. This can be due to missing physics or inaccurate wave parameterizations.
We first discuss the wave and plasma parameters and how they can affect the simulation results. Wave amplitude can significantly influence the diffusion coefficients, since scattering rates are proportional to wave amplitude squared. Several studies [Cattell et al., 2008; Cully et al., 2008] found that the chorus wave amplitude can reach values up to~240 mV/m. In this case, nonlinear effects can potentially play some role and should be taken into account in the future. The wave normal angle distribution is also a substantial factor that could affect the diffusion coefficients. It was shown that highly oblique chorus waves could increase the pitch angle scattering rates near the loss cone by as much as 1 order of magnitude, i.e., decrease the electron lifetimes [Artemyev et al., 2012] . Nevertheless, it is likely that this effect will influence a wide range of energies, and since we see the discrepancy between the observed and modeled decay rates at only multi-MeV energies, it is not likely that the observed difference can be explained by this effect. Our simulations also show that most of the decay occurs inside of the plasmasphere where hiss waves are present. For hiss waves, it was shown that changing the wave normal angle distribution does not substantially change the diffusion coefficients . We should also note that our assumed wave normal distributions for hiss are consistent with observations and ray tracing Thorne et al., 2013a] . It was recently shown that plasmaspheric hiss frequencies could be lower than typical values of 100-2000 Hz [Li et al., 2013] . In this case, the decay rates for ultrarelativistic electrons can be lower, but the difference in decay rates will be less than a factor of 2. A detailed investigation of this effect will be a subject for future research. Finally, plasma density is another factor that influences the scattering rates. We used statistical plasma models to compute the scattering rates for the VERB simulations. However, during specific events, the plasma density could significantly differ from these models. Thorne et al. [2013b] found that during the 9 October 2012 storm, there was a long enhanced period of convective activity. Enhanced convection led to the substantial decrease of plasma Journal of Geophysical Research: Space Physics 10.1002/2014JA020637 density, which caused the increase in local acceleration of ultrarelativistic electrons. Thus, the changes in plasma density can only affect particular events but are not likely to significantly change the long-term balance between sources and losses.
Summarizing the discussion above, changing whistler wave and plasma parameters is not likely to produce the observed loss of multi-MeV electrons, and simulations exploring the sensitivity to different models of waves will be a subject of future study. Thorne and Kennel [1971] , Summers and Thorne [2003] , Li et al. [2007] , and Ukhorskiy et al. [2010] suggested that EMIC waves may provide efficient scattering mechanisms for relativistic electrons. Most recently, Shprits et al. [2013] suggested that EMIC waves may provide effective pitch angle scattering for ultrarelativistic electrons, while such scattering may not be very efficient for the relativistic electrons. In particular, Shprits et al. [2013] showed that the unusual dynamics of the ultrarelativistic electrons [Baker et al., 2013a] can be reproduced when EMIC wave scattering is taken into account. The suggestion that EMIC waves affect ultrarelativistic electrons is confirmed by a recent study [Usanova et al., 2014] , in which the observed electron pitch angle distributions were consistent with scattering by EMIC waves. To produce loss for the nearly equatorially particles, the presence of additional gyroscattering by hiss, chorus [Li et al., 2007] , other wave modes, or bounce scattering by waves [Shprits et al., 2009b] may be required. In this study, we did not include the effect of EMIC waves since continuous wave observations at all MLT and L shells are not available, and interactions with EMIC waves strongly depend on the assumed wave spectrum. The development and testing of the parameterizations of EMIC waves will be a subject of future research.
